INTRODUCTION
============

The amount of sites available to bacterial growth in oral cavity increases in the presence of orthodontic appliances. Therefore, surfaces traditionally unlikely to develop caries become areas with high incidence of these lesions.[@B1] In the absence of prophylactic measures, initial carious lesions (white spots) develop within four weeks.[@B2] Caries have a multifactorial trait, being dependent on the presence of the host (teeth), diet (sugars intake), cariogenic bacteria (biofilm) and the biofilm's development stage, to be sustained. Thus, the absence of one of these factors may inhibit disease installation and its development.[@B3]

*Streptococcus mutans* is one of the main responsible microorganisms for tooth decay. Its installation is dependent on vertical and/or horizontal contamination and it has acidogenic and acidophilic characteristics[@B4]. Their carbohydrate degradation metabolism produces acids that demineralize dental surfaces, leading to the development of cavities.[@B5]

Bacterial adhesion has special characteristics and depends on direct biofilm interaction with the substrate surface to which it relates. The presence of acquired enamel pellicle,[@B6] surface energy,[@B7] roughness,[@B8] and wettability[@B9] play critical roles in this interaction, not only interfering in adhesion properties, but also in the characteristics of biofilm formation.

The recent use of self-ligating brackets in orthodontics has contributed for a reduction in plaque accumulation, when compared to conventional brackets ligated by elastics,[@B10] but the performance of these brackets may be impaired by salivary calculus accumulation over the sliding clip mechanism and into the horizontal archwire slot.[@B11]

Plasma polymerization and plasma surface treatment techniques have been developed as antibacterial coatings, such as silver-platinum coating for orthodontic appliances[@B12] and TiO~2~ nanotubes surfaces coated with magnetron-sputtered Ag, for dental applications.[@B13] Recent literature reports strategies in which plasma polymers have also been used as reservoirs loaded with antibacterial agents which are subsequently released,[@B14] ^-^ [@B17] served as a diffusion barrier to control the release rate of these agents - as sealing agents for carbon nanotubes filled with medication,[@B18] and as functional coatings for connecting antibiotic or bacteriostatic molecules.[@B19]

This practice, quite common in implantology[@B20] serves as inspiration for orthodontics, where polymer films deposition on orthodontic brackets surface can also be applied to reduce biofilm adhesion and the risk of enamel lesions during treatment.[@B21]

Due to its characteristics of producing nontoxic films,[@B22] having high vapor pressure at room temperature and being of ease commercial availability,[@B23] the plasma-polymerized hexamethyldisiloxane (HMDSO) deposition has been largely employed in industry[@B24] and as biomaterial coating[@B25]. HMDSO film presents several organic components and large hydrophobicity.[@B26] These characteristics have particular importance in inhibiting the adherence of *Streptococcus mutans*.[@B27]

The objective of the present study was to compare the performance of the HMDSO film as a surface roughness reduction method and as an inhibiting barrier for biofilm formation in two kinds of orthodontic brackets, comparing its efficiency with non-treated brackets. The null-hypothesis was that the presence of HMDSO film would not interfere on biofilm formation on the two kind of brackets.

MATERIAL AND METHODS
====================

The study was composed by two groups (n = 34), equally divided by type of bracket, and in two subgroups, according to film deposition ([Table 1](#t1){ref-type="table"}).

Table 1Groups division and names according to surface treatment and bracket type.GroupSampleSWSelf-ligating brackets with HMDSO polymer depositionSOSelf-ligating brackets without HMDSO polymer depositionCWConventional brackets with HMDSO polymer depositionCOConventional brackets without HMDSO polymer deposition

For the HMDSO deposition and subsequent microbiological tests, the following upper right central incisors metallic brackets (Roth prescription, Morelli™, Sorocaba/SP, Brazil) were used: SLI (self-ligating) and Roth Max (conventional), both types manufactured by powder injection molding (PIM). The chemical composition of brackets used was C = 0.20% (max), Cr = 16.5 - 17.5%, Mo = 3.0 - 3.5%, Si = 1.0% (max) and Ni = 0.90% (max). Self-ligating brackets also presented a sliding clip composed by Ni = 54.5 - 57.0%W and Ti = 45.5 - 43.0%W, which plays an interactive hole in this bracket system.

Each subgroup was composed by 17 samples, in which 2 were chosen to undergo scanning electron microscopy (SEM, Zeiss, model EVO LS15), 5 were used for confocal interferometry (CI) (Leica, DCM3D) and 10 for biofim formation analysis.

Scanning Electron Microscopy (SEM) was used to visualize the surface after polymer deposition. For assessing bacterial adhesion presence over samples surface (slot and wings areas) and back-scattered electrons (BSE) mode assessment of the film layer integrity over the samples, self-ligating brackets had their clips opened. CI was carried out to evaluated surface roughness (Ra, arithmetic average, and Rq, root mean squared) on the wings region. Prior to SEM and CI analysis, 7 brackets of each group were fixed for one hour in 2.5% glutaraldehyde, and dehydrated at various concentrations of ethanol (10%, 25%, 50%, 75% and 90% for 20 min, and 100% for 1 hour). To complete samples drying, they were incubated in a bacteriological incubator for 48 h at 37^o^C.

HMDSO films deposition system
-----------------------------

Film deposition was performed by Plasma-Enhanced Chemical Vapor Deposition radio frequency method (RF PECVD), using the hexamethyldisiloxane (HMDSO) monomer as gas source. HMDSO gas plasma was RF-excited, operating in a 13.56 Hz frequency, and pressure level of 60 x 10^-2^Torr, with 20 W power, for 15 minutes. These parameters were chosen as the most adequate by a series of previous tests performed by the authors with different power and time periods. The film was deposited on the outer and inner surfaces of the brackets, while their bases remained facing the surface of the deposition electrode plate on the bottom of the reactor. All self-ligating brackets had their clips closed during the deposition process.

An automated goniometer (Ramé-Hard Instrument Co., Advanced Goniometer model 300-F1) was used for evaluating the wettability and surface energy on a stainless steel sheet presenting the same chemical composition of the brackets.

The thickness of HMDSO film was measured in an optical microscope and interferometer (Leica, DCM3D) on a glass slide substrate,[@B28] which was set inside the plasma reactor amongst the samples during the deposition process and prepared to present a step on the surface between the film and the substrate.

Biofilm formation
-----------------

*Streptococcus mutans*, ATCC \#35688 strains were used for biofilm formation, as proposed by Pereira et al.[@B29] Initially, the strains were seeded in Mitis Salivarius to verify its purity, and incubated at 37^o^C for 24 hours. Standardized suspensions were then prepared with relative optical density at 10[@B6] cells/mL. For this, the strains were grown on brain heart infusion agar (BHI, Difco, Detroit, USA) and incubated at 37^o^C for 24 hours. After incubation, the growth was suspended in sterile saline (0.9% NaCl) and the number of cells in each suspension calculated in a spectrophotometer (B582, Micronal, São Paulo, Brazil). Each bracket group was placed in a 12-well plate (Costar Corning, New York, USA) with 1.5 ml BHI plus 5% sucrose, and inoculated with 0.1 mL of bacterial suspension. The samples were incubated at 37^o^C for 72 hours for the formation of biofilms. After this period, the brackets with biofilms were rinsed with phosphate-buffered saline (PBS) and subjected to an orbital shaker for 5 minutes (Solab, Piracicaba, Brazil) for removing non-adhered cells. After proper dilutions, 100-µL aliquots were plated on BHI agar in Petri dishes. The plates were incubated at 37^o^C for 72 hours. After that period of incubation, the colony forming units per milliliter (CFU/mL) were quantified on the plates showing from 30 to 300 colonies, and the obtained numbers were converted to their corresponding logarithm (log~10~ CFU/mL). Statistical analysis was performed with Sigmastat v. 4.0 software (Systat Software Inc., San Jose, USA).

The Kolmogorov-Smirnov test was carried out to analyze data normal distribution of four groups considering the following assumptions:

» Null hypothesis (H0) = Analyzed data distribution is similar to a standard normal distribution.» Alternative hypothesis (Ha) = Analyzed data distribution is not similar to a standard normal distribution.

The Mann-Whitney (surface roughness between subgroups) and Kruskal-Wallis (bacterial adhesion) tests assessed possible differences among groups, considering the following hypotheses:

» Null hypothesis (H0) = Analyzed data are similar among the groups.» Alternative hypothesis (Ha) = There is at least one group different from other groups.

To identify all the possible differences among groups, SNK multiple comparison test was applied.

RESULTS
=======

Micrographs of two groups of brackets in BSE mode can be observed in [Figure 1](#f1){ref-type="fig"}, where differences in the atomic number of the surface layer molecules create contrast variations, highlighting possible deposition defects. Surface visual analysis of the four brackets subgroups - self-ligating and conventional, treated and not treated - exhibited a uniform layer deposition pattern on treated samples after polymer deposition.

Figure 1Top view of the brackets surfaces: A, B) non-treated samples, C, D) treated samples (45x magnification).

A fairly uniform layer was observed at samples C and D compared to the conditions on untreated samples A and B ([Fig. 1](#f1){ref-type="fig"}). This evidences the proper deposition of the polymer over the outer surface of the brackets. Despite that, SEM analysis of a SW group bracket with its clip open had shown the presence of surface areas without proper coating ([Fig 2](#f2){ref-type="fig"}).

Figure 2SEM micrograph shows the projected shadow impressed by the presence of the NiTi clip, creating an interface between the surfaces with deposition and non-deposition (45x magnification). Interface on the wing region (a) and on bracket base region (b) (500x magnification).

Surface roughness(Ra and Rq) median values of the wings region of the samples are presented in [Table 2](#t2){ref-type="table"}.

Table 2Confocal Interferometry (CI) evaluation of surface roughness (Ra and Rq).GroupRa (median)Rq (median)CO3.7604.963CW1.6232.192SO1.7492.296SW1.6492.177(*p* \< 0.05)

Data analysis by Mann-Whitney test has shown no significant statistical differences on surface roughness reduction between subgroups SW and SO for Ra (*p*= 0.222) and Rq (*p*= 0.151). Significant statistical surface roughness reduction for Ra (*p*= 0.008) and Rq (*p*= 0.008) was observed between subgroups CW and CO.

The HMDSO film wettability and surface energy analysis performed with the goniometer, on a stainless steel sheet, had shown that polymerized samples presented hydrophobic surface characteristics, while control group presented hydrophilic characteristics to deionized water (polar) and to diiodomethane (apolar), as shown in [Table 3](#t3){ref-type="table"}. This result shows that surface polymer characteristics were present after polymerization.

Table 3Angles and surface energy measurement observed by the goniometer on the different samples.SampleContact angleWaterDiiodomethanePolar componentDispersive componentTotal surface energyControl79.22 ± 4.4348.45 ± 0.459.49 ± 1.9036.16 ± 0.2245.65 ± 1.91Deposition 1105.78 ± 1.0881.67 ± 1.512.87 ± 0.4420.37 ± 0.6723.24 ± 0.60Deposition 299.87 ± 0.2272.67 ± 0.473.84 ± 0.1024.40 ± 0.2228.24 ± 0.18Deposition 3103.42 ± 1.1583.36 ± 0.803.92 ± 0.4219.65 ± 0.3423.57 ± 0.46

The presence of the polymer in an uniform layer, with regular thickness, was assessed by the interferometry of the coated layer film thickness on the glass slide, after the deposition of plasma-polymerized HMDSO ([Table 4](#t4){ref-type="table"}).

Table 4Film thickness obtained from plasma deposition parameters.SampleFilm thickness (nm)110.36211.3311.25Mean10.97

Micrographs observed in [Figure 3](#f3){ref-type="fig"} show the worst areas of *S. mutans* biofilm formation on all subgroups, on the slots (Figs 3A and 3B, lateral view) and wings regions (Figs 3C and 3D, frontal view). In SW (Fig 3A) and SO ([Fig 3](#f3){ref-type="fig"}C) groups a greater bacterial adherence was observed, both in the wings and slot regions, when visually compared to CW (Fig 3B) and CO (Fig 3D) groups, even in the presence of the HMDSO film ([Fig 3](#f3){ref-type="fig"}).

Figure 3SEM micrographs of the brackets slots (A, B) and wings region (C, D) demonstrate the bacterial adhesion in both regions of all groups (4,500x magnification).

Descriptive statistics of the colony forming units (CFU) data can be observed in [Table 5](#t5){ref-type="table"}.

Table 5Descriptive statistics: mean, standard deviation (SD), median, first quartile (Q1), third quartile (Q3), minimum and maximum values, for the values of colony counts (log).GroupMean (S.D.)MedianQ1Q3MinMaxSO9.13 (0.63)9.06^A^8.609.478.4510.28SW9.00 (0.31)8.93^A^8.789.058.769.85CO7.99 (1.82)8.50^B^8.018.773.009.48CW5.79 (2.78)6.99^C^3.787.590.008.92

The results of Kolmogorov-Smirnov tests identified that SO and CW groups showed normal distribution (*p*\> 0.05) and that SW and CO groups were not normally distributed (*p*\< 0.05), whereas the level of 5% significance was adopted, so non-parametric statistical analyzes were chosen to analyze the data.

The result of the Kruskal-Wallis test indicated the presence of at least one group different from the other groups (H = 18.56, *p* \< 0.001). SNK multiple comparison test indicated greater accumulation of bacteria in groups SO and SW, and smaller accumulation in CW group (*p*\< 0.05) ([Table 5](#t5){ref-type="table"}).

DISCUSSION
==========

HMDSO polymer films have been largely used as surface treatment for biomaterials[@B25] and in dentistry as carriers for drug delivering[@B16] and for surface wettability modification.[@B22] This paper used the HMDSO polymer to observe its anti-adherence features on biofilm formation, benefiting from its hydrophobicity characteristics[@B26] and layer thickness, without any associated anti-bacterial substance, once in orthodontics, brackets remain in oral cavity for a period of time that varies from 12 to 30 months and most drug delivering properties occur in a brief period of time, varying from 24 to 48 hours. Surface properties play an essential hole in bacterial adhesion: hidrophobic and high surface energy types of surface, as the ones observed in the treated samples, tend to difficult such interaction.

RF-PECVD technique was chosen for its capability of controlling film thickness and wettability characteristic according to determined deposition parameters, producing uniform and very thin films. Film thickness measurement was facilitated by its deposition on a glass slide surface,[@B28] once bracket surface irregularities made interferometry assessment impracticable. SEM analysis on BSE mode have shown a uniform polymer surface deposition. The deposition process of HMDSO polymer allows samples coating in all dimensions of space, and assures high rates of deposition.[@B26] Despite that, the base of the brackets did not receive any coating, once it was facing down the base of the reactor.

The base of the bracket itself had little influence on the amount of adhered biofilm on total bracket surface, once most of the brackets surface and its harsh design are determined by its outer surface and not by the bracket base.

Brackets brand and type choice was based on their composition and manufacturing process, and the same brand was chosen for both brackets types; only brackets geometry and presence of the NiTi clip varied in the self-ligation groups.

Literature review[@B10] ^,^ [@B30] demonstrated that conventional brackets have shown less plaque buildup than self-ligating brackets. Besides that, self-ligating brackets as well as ceramic brackets provide the formation of a much more pathogenic biofilm, due to their small proportion of anaerobic over aerobic bacteria in colony forming units (CFU).[@B30] Therefore methods for reducing plaque adherence, especially on self-ligating brackets are very welcome.

Roughness tests were performed only between subgroups once the main concern was the influence of the presence of polimer coating. The low influence of polymer deposition on biofilm formation in SW and SO groups was directly related to the small reduction on surface roughness and highly detailed and complex geometry of this type of bracket, which had a large influence on bacterial adherence.[@B10] Surface roughness influence overrules surface free energy and promotes plaque formation and maturation.[@B7]

The presence of a NiTi clip as the ligation element in the bracket implies in the presence of an internal longitudinal tunnel, just above the base of the bracket, for accommodating the NiTi clip. This feature creates a broad contact surface in this type of bracket and results in a perfect site for bacterial adherence and proliferation. In the conventional CO and CW groups, which have a much simpler geometry, this tunnel is not present.

This characteristic, in addition to the untreated surface created by the clip shadow, resulted in more bacterial adherence on SW group than on CO. Even in the absence of the polymer coating, CO group has shown lower rates of bacterial adhesion than SO and SW groups, thus demonstrating that the impact of the external geometry and polymer deposition flaws on biofilm formation was bigger than the presence of the polymer.

HMDSO film deposition on group SW had serious issues, as shown in [Figure 2](#f2){ref-type="fig"}. This experiment was held with the NiTi clip closed, ​​following the same methods conducted by other authors on their experiments on bacterial adhesion.[@B10] ^,^ [@B30] ^-^ [@B32] This option was made because the removal of the clip for film deposition would imply its repositioning, what could allow the incorporation of grooves and imperfections on brackets surfaces and negatively interfere on bacterial adhesion. A second deposition round performed with the clips open could have eliminated the shadow areas were film was not present, but this would modify film characteristics due to the risk of sputtering of the initial layer.[@B25] Future experiments should perform film deposition on self-ligating brackets with the clip open, or without the clip, to observe possible improvement in polymer deposition on inner surfaces of the samples.

Findings have shown that CW group had the best results on reducing bacterial adherence over all groups, demonstrating that the polymer film played a fundamental role in reducing surface roughness and the rate of bacterial adhesion. This very positive outcome unravels a new perspective to surface treatment in order to reduce bacterial adhesion in orthodontics, and set HMDSO polymer as a feasible choice for metallic orthodontic brackets coating.

This benefit, not yet commercially available, was also verified by Demling et al,[@B21] who conducted an *in vivo* study comparing bacterial adhesion in two conventional brackets, one of them coated with plasma-polymerized polytetrafluoroethylene. Despite being presented as a case report, the authors observed a much smaller amount of bacteria adhered to the surface of brackets with film deposition (4.0 ± 3.6%), compared to brackets without film (22.2 ± 5.4%). This primer study can serve as a reference for the indication of plasma surface treatment of brackets in orthodontics.

For the special characteristics observed, the authors acknowledge the necessity of improvement in self-ligating brackets polymer deposition method, as well as the use of different bracket brands, with different external geometries and ligation features. The development of a bacterial adherence inhibiting method is essential for this kind of bracket, once biofilm presence, besides enamel lesions, can also interfere in the opening mechanism of the clip and in the proper interaction between the bracket and the archwire, leading to mechanical and operational problems during the orthodontic treatment.

Besides this, further studies shall be performed regarding possible friction reduction between treated brackets and different archwires, due to the surface roughness reduction observed in polymer deposition groups.

CONCLUSIONS
===========

The results observed in this paper allow the following conclusions concerning the HMDSO polymer deposition on orthodontic brackets:

» It was more effective in reducing surface roughness and *S. mutans* biofilm formation in conventional brackets, for their less rugged and more suitable external geometry, which enabled a better polymer film deposition.» Conventional brackets showed lower biofilm adhesion than self-ligating brackets despite the absence of film.» An improved deposition method has to be employed in self-ligating brackets so that film deposition and hence, the reduction in bacterial adhesion and surface roughness, may be more effective.
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